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Abstract: 
Atomically engineered oxide heterostructures provide a fertile ground for creating novel 
states. For example, a two-dimensional electron gas at the interface between two oxide 
insulators, giant thermoelectric Seebeck coefficient, emergent ferromagnetism from 
otherwise nonmagnetic components, and colossal ionic conductivity. Extensive research 
efforts reveal that oxygen deficiency or lattice strain play an important role in 
determining these unexpected properties. Herein, by studying the abrupt presence of 
robust ferromagnetism (up to 1.5 B/Mn) in LaMnO3-based heterostructures, we found 
the multivalence states of Mn that play a decisive role in the emergence of 
ferromagnetism in the otherwise antiferromagnetic LaMnO3 thin films. Combining 
spatially resolved electron energy-loss spectroscopy, X-ray absorption spectroscopy and 
X-ray magnetic circular dichroism techniques, we determine unambiguously that the 
ferromagnetism results from a conventional Mn3+-O-Mn4+ double exchange mechanism 
rather than interfacial effect. In contrast, the magnetic dead layer of 5 unit cell in 
proximity to the interface is found to be accompanied with the accumulation of Mn2+ 
induced by electronic reconstruction. These findings provide a hitherto-unexplored 
multivalence state of Mn on the emergent magnetism in undoped manganite epitaxial 
thin films, such as LaMnO3, BiMnO3, and shed new light on all-oxide spintronic devices. 
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1. Introduction 
Complex oxides provide a rich platform for creating novel states and functional 
properties, especially at the interface of heterostructures and superlattices.[1] The interplay 
between charge, spin, orbital and lattice degrees of freedom gives rise to a rich spectrum of 
fascinating phenomena at complex oxide interfaces, including high-mobility two-dimensional 
electron gases,[2, 3] giant thermoelectric Seebeck coefficient,[4] multiferroic properties,[5] 
colossal ionic conductivity[6] and intriguing magnetic properties.[7, 8] Often, oxygen deficiency 
and/or strain effect play a key role in determining these unexpected properties.[6, 9-12] For 
example, unintentional introduction of oxygen vacancies on the SrTiO3 (STO) side 
contributes significantly to the metallic conduction at the interface of LaAlO3/SrTiO3 
(LAO/STO).[13, 14] The effect of oxygen excess at complex oxide interfaces has long been 
neglected since atomically controlled fabrication of oxide heterostructures are mostly 
achievable under oxygen deficient conditions. Consequently, to date, a comprehensive study 
to understand it and its role in the novel properties of the strongly correlated complex oxides 
has not been fully reached. 
The stoichiometric bulk-state LaMnO3 (LMO) is an A-type antiferromagnetic insulator 
with the orthorhombic perovskite crystal structure.[15, 16] However, it turns to be a 
ferromagnetic insulator when formed as thin films.[17-19] The origin of such emergent 
ferromagnetic state has been vigorously investigated but the underlying mechanisms remains 
controversial.[17, 18, 20-22] Using scanning superconducting quantum interference device 
(SQUID) microscopy, ferromagnetism in LMO/STO heterostructure was attributed to stem 
from an electronic reconstruction at the interface due to the polar discontinuity.[17, 18, 23] 
However, such polarity-related electronic reconstruction normally occurs in proximity to the 
sample surface or interface. This can hardly explain the ferromagnetism which only occurs 
when the LMO film is thick. Besides, spin and orbital Ti magnetism was suspected to be 
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responsible for the ferromagnetic behaviors in the LMO/STO superlattices.[21, 24] Nevertheless, 
since most of the Mn eg bands locate approximately 1 eV below the conduction band of STO 
(Ti 3d t2g), the Ti magnetism is expected to be quite small.
[25, 26] Moreover, the epitaxial strain 
induced by the lattice mismatch between the film and substrate has also been suggested an 
origins for the ferromagnetic state.[27, 28] But, as we will see later, this can hardly explain that 
ferromagnetism is universally observed in LMO films grown on different substrates. In 
contrast, our demonstration of the multivalence state of Mn can explain both the previously 
reported data and the new results present here. Notably, although oxygen excess (the oxygen 
excess is induced by the cation vacancies[29-32], since the perovskite structure cannot accept 
excess oxygen in an interstitial site) has been put forward as a possible explanation for the 
ferromagnetism in very thick LMO films (100 - 150 nm),[33] it remains open whether such 
ferromagnetism can persist in proximity to the interface. 
In this article, we report that the antiferromagnetic LMO can easily adopt excess oxygen 
from its stoichiometric phase thus the multivalence states of Mn and show emergent 
ferromagnetism when epitaxial grown in thin film form via a well-controlled layer-by-layer 
two-dimensional growth mode. The ferromagnetism shows up abruptly when the film 
thickness is above 6 unit cell (uc). It is sensitive to the oxygen deposition pressure (PO2) but 
insensitive to the type of the substrate thus the strain. By combing spatially resolved electron 
energy-loss spectroscopy (EELS), element-specific X-ray absorption spectroscopy (XAS) and 
X-ray magnetic circular dichroism (XMCD), we find that the mixed valence state of Mn ions 
(Mn4+, Mn3+ and Mn2+) and attribute the ferromagnetism to the Mn3+-O-Mn4+ double 
exchange mechanism. In addition, the magnetic dead-layer effect, i.e., the strong depression 
of magnetic properties when the thickness of the film is below 6 uc, is found to be associated 
with an accumulation of Mn2+ induced by electronic reconstruction in the proximity of the 
interface. 
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2. Result and discussion 
2.1. Emergent ferromagnetism in LMO-based heterostructures 
LMO (001) thin films with thickness ranging from 3 to 20 uc were grown by pulsed laser 
deposition (PLD) on different perovskite substrates of STO (001), (LaAlO3)0.3(Sr2AlTaO6)0.7 
(LSAT) (001) and LaAlO3 (LAO) (001), as schematically shown in Figure 1a. The film 
growth was in-situ monitored by the reflection high-energy electron diffraction (RHEED) 
under different PO2 (10
-7-10-3 mbar), where layer-by-layer film growth was achieved (Figure 
1b). The sharp streaky line of the RHEED patterns in Figure 1c, d and e after deposition 
further indicate high quality of the films. All films show atomically smooth surface as 
confirmed by atomic force microscopy (Figure 1f). Note that, previous reports indicate that 
the as-deposited LMO thin films already show noticeable oxygen excess at a deposition 
pressure of 10-3 mbar.[33, 34] 
Figure 2a shows the temperature-dependent magnetic moment (M-T) of LMO/STO 
heterostructures with different film thickness (t). When t ≤  5 uc, no ferromagnetism is 
observed. In contrast, at t = 6 uc, the LMO film abruptly turns ferromagnetic with Curie 
temperature (TC) of ~95 K and a saturation magnetization of ~ 0.5 B/Mn (at B =0.1 T). Later 
on, the magnetism develops gradually with the increase of film thickness. Figure 2b 
summarizes the LMO saturation magnetic moment (Ms) as a function of thickness measured 
at 10 K. After the sharp onset of ferromagnetic order at t = 6 uc, the Ms of the LMO/STO 
heterostructures increases with the increasing t. When t ≥ 10 uc, the Ms saturates at a value of 
~ 1.5 B/Mn. This behavior indicates that the measured magnetism comes from the majority 
of the “bulk” of the film rather than an interfacial effect. If it were, Ms would have shown a 
decrease as the thickness of the LMO layer increases.[21] 
We further found that the highly ferromagnetic state is not limited to the LMO/STO 
heterostructures (the lattice parameter of STO is 3.91 Å), but can be universally observed 
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even when LMO film was epitaxially grown on two other substrates with different lattice 
parameters and polarity, i.e. LSAT (a=3.86 Å) and LAO (a=3.79 Å). For comparison, Figure 
2c shows the M-T curves for LMO (20 uc) films grown on STO, LSAT and LAO substrates, 
respectively. All these LMO-based heterostructures evidently demonstrate the emergent 
ferromagnetism; despite the difference in Ms, i.e. the Ms of LMO/STO, LMO/LSAT and 
LMO/LAO heterostructures are found to be 1.56 B/Mn, 0.84 B/Mn and 0.72 B/Mn, 
respectively. The inset of Figure 2c displays the field-dependent in-plane magnetization (T = 
10 K) of these three heterostructures with dominant hysteresis loops, further suggesting the 
robust ferromagnetism. Since these epitaxial films exhibit different content of coherent 
strains,[18] the presence of ferromagnetism in these three different types of heterostructures 
rules out the strain effect as the dominant origin for the occurrence of ferromagnetism. 
To explore the influence of oxygen pressure on the magnetism, LMO films were further 
grown under different PO2 conditions. Figure 2d shows a comparison of M-T curves of the 
LMO films (t =10 uc) grown at different PO2. With the PO2 increasing from 10
-7 mbar to 10-3 
mbar, the magnetization is enhanced by nearly 6 times in magnitude up to a value of ~1.3 
B/Mn. Moreover, the TC is also significantly increased from ~ 50 K to ~137 K upon the 
increase of PO2 (inset of Figure 2d). Therefore, it is clear from these results that the 
magnetism of LMO-based heterostructures shows strong dependence on the oxygen 
atmosphere during the deposition. 
2.2. Multivalence state of Mn ions—STEM-EELS 
Figures 3a and b show chemically atomic-resolution high-angle annular dark field 
(HAADF) scanning transmission electron microscope (STEM) images of the cross-section 
10-uc LMO/STO heterostructure for samples grown at 1×10-3 mbar and 1×10-7 mbar, 
respectively. Both samples show a nice continuity of the perovskite-structure stacking 
sequence across the interface. The interfacial layers are well crystallized without appreciable 
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dislocations or defects. This confirms the high-quality coherent layer-by-layer epitaxial 
growth. Notably, these two LMO samples exhibit exactly the same lattice parameters (a=b≈
3.884 Å, c≈3.914 Å), i.e. the same interfacial stain state but different magnetic properties. 
This further excludes the possibility of lattice strain as a dominant reason underlying the 
appearance of ferromagnetism. To reveal the intrinsic difference between these two samples, 
spatially resolved EELS[35] across the LMO/STO interface and on the LMO side is further 
measured. Figure 3d and e show the Mn-L2,3 edge EELS mapping of the selected area in 
Figure 3a and b (red rectangles). It can be seen clearly that the Mn-L2,3 edge appear as two 
peaks, corresponding to the excitations from the spin-orbital splitting 2p3/2 and 2p1/2 levels to 
empty states in the 3d band.[19] 
Figure 3f shows the corresponding EELS profile of the ferromagnetic LMO sample 
(grown at PO2=1×10
-3 mbar) from the LMO/STO interface to the LMO film surface. Notably, 
Mn-L3 edge spectra close to the interface exhibits a slight shift towards the lower energy loss 
in comparison to those from the surface of the LMO films, which suggests that the chemical 
valence state of Mn near the interface is reduced. A fit to the Mn-L3 edge reveals the presence 
of multivalence state of Mn2+, Mn3+ and Mn4+ (Figure S3). The fitting results reveal that a 
fraction of Mn2+ dominates at the interface (~ 42%) and then drops to a constant ratio (~ 20%) 
at 5 uc far away from the interface, but the proportion of Mn3+/Mn4+ increases firstly to a 
maximum at 5 uc and then remains unchanged along with the increased thickness of LMO 
from the interface to the surface. These findings are further confirmed by following XAS 
measurements (Figure 4). Notably, this trend of a reduction in Mn oxidation valence state are 
similar to the case of optimally doped manganite, such as ferromagnetic 
La0.7Sr0.3MnO3/STO
[36-39] and ferromagnetic La0.7Ca0.3MnO3/STO.
[40] In these doped 
manganite films, the ferromagnetism results from the Mn3+-O-Mn4+ double-exchange 
interaction. The reduced oxidation state (Mn2+) in the sample corresponds to the decrease of 
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the magnetization and has been proposed to explain the observed magnetic dead layer in most 
manganites thin films.[38] 
Figure 3c shows the comparison of O-K edges of the two samples. The relative strength 
of the first peak in green shaded area of O-K edge is an indication of d-band filling.[41] 
Remarkably, the intensity of the first peak in O-K spectra of LMO film grown at 1×10-7 mbar 
is lower than the one grown at 1×10-3 mbar. This reduction in the first-peak intensity of O-K 
edge indicates that more electrons have filled d-band. Therefore, the weak ferromagnetic 
LMO film grown at 1×10-7 mbar has a lower valence state of Mn compared to the robust 
ferromagnetic LMO film grown under 1×10-3 mbar, thus the chemical valence state of Mn in 
the sample grown at 1×10-7 mbar is dominated with Mn3+, with a lower ratio of the Mn4+. As 
shown in Figure 3g, we compare the Mn-L2,3 edge spectra of 10-uc LMO grown under 
different PO2. It is obvious that there is a peak shift towards the higher energy loss for the 
LMO film grown under 1×10-3 mbar, further proving presence of the higher content of Mn4+ 
under the high oxygen pressure condition. More quantitative analysis reveals that, compared 
with the Mn4+ ratio of ~24.6% in the 1×10-3 mbar sample, the ratio of Mn4+ decreases to ~ 
15.9% in the 1×10-7 mbar sample, while the proportion of Mn3+ remains nearly unchanged. In 
addition, the portion of Mn2+ increases from 19.6% to 24.5% as the PO2 decreases. Therefore, 
from these results we can draw the conclusion that the main difference between the two LMO 
films is that the ferromagnetic LMO film grown under higher PO2 have more Mn
4+ ions thus a 
high Mn4+/Mn3+ ratio, which could enhance the double exchange interaction between Mn3+ 
and Mn4+. 
2.3. Multivalence state of Mn ions—XAS/XMCD 
To further unveil the origin of the emergent ferromagnetism, the element-specific XAS 
and XMCD at the Mn and Ti L2,3 absorption edges were performed to probe the local 
electronic character of the magnetic ground state of the LMO. As schematically shown in 
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Figure 4a, circularly polarized X-rays with ~100% degree of polarization were performed at 
60o with respect to the film plane and in parallel with the applied magnetic field. Typical XAS 
spectra of the LMO/STO heterostructures are displayed in Figure 4b. Mn-L2,3 edge XAS 
spectra show the prominent multiplet structure for both spin-orbit split core levels, indicating 
a mixture valence state of Mn. For comparison, spatially resolved XAS spectra and the 
corresponding atomic multiplet calculation of Mn2+, Mn3+ and Mn4+ from Ref. [42] are taken as 
reference (see the blue curves in Figure 4b). Remarkably, the experimental spectra are 
comparable to those reference spectra, showing that the experimental spectra are composed of 
the Mn2+, Mn3+ and Mn4+ in all LMO films, consistent with our EELS results. L3 peak locates 
at ~642.0 eV, indicating the main valence state of Mn3+. While the stoichiometric LMO 
crystal contains only Mn3+ ions, oxygen excess introduce Mn4+ ions into the Mn sublattice, 
which results in the observed ferromagnetic coupling between the local spins via double 
exchange mechanism.[19, 43] The robust ferromagnetism is favored in a more oxidizing 
atmosphere because of the formation of Mn4+ and the resultant double-exchange mechanism 
relevant to Mn3+-O-Mn4+. The fingerprint of Mn2+ valence state at the lower energies of 
~640.1 eV dominates when t < 6 uc, while the Mn3+ and Mn4+ content increase with the 
increasing t as evidenced by the increase in spectral weight at the photon energy of 642.0 eV 
and 643.4 eV. Note that the increased Mn4+/Mn3+ ratio with the thickness can rigorously 
increase the strength of the double exchange interaction, thereby enhancing the 
ferromagnetism. Moreover, the spectra exhibit identical line-shapes, indicating that LMO has 
the same La/Mn ratio, otherwise a different ratio should have resulted in a different line-
shape.[44] This is also consistent with the bulk LMO case, although an oxygen excess can be 
obtained, the La/Mn ratio always keeps as 1.[31] 
Ti-L2,3 isotropic XAS measurements for heterostructures with different LMO thickness 
are shown in Figure 4c. All measurements display a similar electronic structure. The energy 
difference between the two main peaks of the L3 and L2 edges remain unchanged, as expected 
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for Ti4+ of the STO layer. This suggests that no charge transfer to the Ti site and the charge 
reconstruction occurs mainly on the Mn site at the interface of LMO/STO. The presence of 
Ti4+ rather than Ti3+ is proved independently by our EELS spectra at Ti L-edge (Figure S3) 
and consistent with the reports by other group.[37] This also rules out the possible mechanism 
of Ti interfacial magnetism.[21, 24] 
In the light of the valence state of Mn ions, we now pay attention to the contribution to 
their magnetic properties. Representative XAS/XMCD and their integration taken at the Mn-
L2,3 edges are shown in Figure 5a. The magnitude of the magnetization was quantitatively 
estimated using the XMCD spin sum-rules.[45] Within the limit of the uncertainties in the sum-
rules estimation, the obtained total magnetization is approximately ~1.5 B/Mn, which is in 
reasonable agreement with our SQUID results. In addition, the XMCD signal of ~24% at the 
Mn-L3 edge of 15-uc LMO is consistent with previously measured values.
[45] We summarize 
the thickness dependence of the XMCD-derived magnetic moment in Figure 5b, together with 
the thickness-dependent magnetization for LMO/STO measured by SQUID. Good agreement 
of the magnetization derived from both measurements show the same thickness dependence. 
These results indicate that the ferromagnetism of LMO/STO heterostructures comes from the 
intrinsic contribution from the exchange interaction of the multivalence Mn ions, rather than 
the interface-driven effect from the electronic reconstruction or the strain-induced effect by 
the substrates. 
2.4. Electronic reconstruction and dead-layer behavior in manganite films 
For bulk LMO, oxygen excess is usually accommodated by the formation of cation 
vacancies on both La and Mn sites,[31, 46] leaving a perfect oxygen sublattice. To keep 
neutrality of the charge, a fraction of Mn3+ in stoichiometry LMO must be oxidized to Mn4+, 
which is the reason why do the mixed valence states of Mn (Mn3+ and Mn4+) be shown in the 
EELS and XAS spectra. The oxygen excess harasses ferromagnetic Mn3+-O-Mn4+ double 
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exchange interactions by the Mn4+/Mn3+ ratio.[31, 32] This is also the mechanism for the 
ferromagnetic BiMnO3 similar to LMO due to the oxygen excess.
[47] Based on our the 
comparison of O-K and Mn-L edges of LMO deposited at different oxygen pressure (Figure 
3), when the LMO film is grown at PO2=1×10
-7 mbar, the ratio of Mn4+/Mn3+ is reduced, 
thereby the double exchange interaction is weakened and the ferromagnetism is depressed.[48] 
In contrast, deposition at a typical oxygen pressure of 10-3 mbar, the higher the Mn4+/Mn3+ 
ratio the more significant is the double exchange interaction and thereby the robust 
ferromagnetism. 
Additionally, LMO is polar whereas STO is nonpolar. Therefore, polar-discontinuity-
induced electronic reconstruction could occur at the LMO/STO interface.[2] However, 
different from the intensively investigated LAO/STO system, where the reconstructed 
electrons are transferred from the sample surface to the STO inside, in LMO/STO, the empty 
or partially filled eg bands of LMO are often lower than the Ti 3d bands of STO,
[49] as 
schematically illustrated in Figure 6a. In this vein, the electronic reconstruction in LMO/STO 
occurs on the LMO side, i.e. from LMO surface to the LMO in proximity to the interface 
rather than to the STO side.[49-51] This scenario is consistent with the fact that Mn2+ becomes 
detectable at the interface but no signal of Ti3+ is observed, as evidenced in the EELS and 
XAS spectra of Ti. It should be noted that in the Ref. [18], they did not observed 
ferromagnetism when the LMO thin films (12 uc) grown on the polar substrate LAO and 
LSAT. They attributed the non-ferromagnetism to the absence of polar discontinuity due to 
both LMO and substrates (LAO, LSAT) are polar. But when we increase the thickness to the 
20 uc, all heterostructures of LMO/STO, LMO/LAO and LMO/LSAT show ferromagnetism 
(Figure 1c). This indicates the electronic reconstruction due to the polar discontinuity 
mechanism cannot account for the ferromagnetism of LMO but coherent with the absence of 
magnetism at the interface. 
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The sharp transition from ferromagnetism to nonmagnetism when the thickness is below 
6 uc should suggest a magnetic dead layer of LMO in the vicinity of the interface. As shown 
in Figure 6b, LMO thin films are spatially separated into two stacked sheets: Dead layer at the 
bottom showing no magnetization, while on the top of this layer a uniformly magnetized layer. 
The dead layer is widely observed in other ferromagnetic manganite films, such as La1-
xSrxMnO3 (x~0.3 and 0.33) and LMO, as summarized in Figure 6c.
[52-54] The mechanism 
underlying this dead-layer effect remains elusive but this might be due to the presence of 
Mn2+,[38] which always shows a critical thickness (tc) of ~2 nm (i.e., tc ~5 uc) when STO is 
used as the substrate. Additionally, the different critical thickness of the dead layer for various 
substrates could be the fact films on different substrates give different response, such as the 
energy cost of creating vacancies and/or adapting chemical stoichiometry during the PLD 
growth periods.[55-57] 
3. Conclusion 
To conclude, we have established the multivalence state of Mn2+, Mn3+ and Mn4+ ions 
driven emergent magnetism in LMO epitaxial thin films. The ferromagnetism originates from 
a conventional Mn3+-O-Mn4+ double exchange mechanism rather than an interface or strain 
effects. The observed thickness-dependent ferromagnetism is controlled by the magnetic 
dead-layer effect in manganites thin films, which is accompanied with the accumulation of 
Mn2+ induced by electronic reconstruction. This is the first time we identify three valence 
state of Mn ions in undoped epitaxial LMO/STO heterostructures. Our results not only shed 
light on the emergent ferromagnetism of the otherwise antiferromagnetic LMO thin films, but 
also broaden the understanding of oxygen excess in complex oxides, which is beneficial for 
the rational design of future all-oxide spintronic devices, particularly based on LMO. 
4. Experimental Section  
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Epitaxial Growth: The LMO films were grown by PLD technique (KrF excimer laser with 
=248 nm and E=100 mJ) as described elsewhere.[58] The growth dynamics was investigated 
by monitoring the RHEED pattern. During the growth, the temperature was maintained at 750 
oC. Without particularly mentioned, all LMO films were grown in an oxygen environment at a 
pressure of 1×10-3 mbar. After the deposition, the samples were slowly cooled down to room 
temperature at the growth pressure without further post-annealing. 
STEM-EELS: Measurements. Microstructures of cross-sectional samples were investigated 
using an aberration-corrected STEM Titan at 300 keV. Elemental analysis was carried out 
using STEM-EELS spectrum imaging with a Gatan Quantum 966 system. The near-edge fine 
structures were used to study the local electronic structures at a sub-uc level of resolution with 
an energy resolution of 0.1 eV achieved with a monochromator. 
Magnetic Measurements: A Quantum Design SQUID measurement system was used to 
measure the magnetic properties from 10 to 300 K with the magnetic field applied in-plane 
along the (100) direction of the substrate. The temperature-dependent magnetic measurements 
were performed by first cooling in 1 T magnetic field. Then the in-plane magnetic moments 
were measured during warm-up in 0.1 T, using the same method as the previous work.[18] 
X-Ray Absorption Measurements: XAS and XMCD at the Ti and Mn L2,3 absorption edges 
were performed on beamline I06 at the Diamond Light Source, UK. Oppositely circular 
polarized X-rays with 100% polarization degree were used successively to resolve XMCD 
signals from Mn and Ti. The light-helicity was switched in a saturating magnetic field of 1 T, 
which was applied at 60o with respect to the film plane and in parallel with the incident beam. 
XAS was obtained in total electron yield (TEY) mode at 10 K, the probing thickness is 3- 5 
nm. XMCD was calculated as |(+ - -)|/(+ + -), where  represents the TEY-XAS intensity 
for the respective helicities of the emitted light. 
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Figure 1. Layer-by-layer epitaxial growth of LMO films on STO, LSAT and LAO substrates. 
(a) Sketch of the LMO-based perovskite heterostructures. (b) Representative RHEED 
intensity oscillation for the typical 20-uc LMO film on various substrates. (c-e) RHEED 
pattern of STO, LAO and LSAT prior to the growth and 20-uc LMO films after the growth on 
these substrates. (f) Surface morphology (2 m × 2 m) of LMO films with thickness of 20 uc 
on STO. The scale bar is 500 nm. 
 
  
19 
 
1×10
-7
 mbar
1×10
-6
 mbar
1×10
-4
 mbar
1×10
-3
 mbar
0 100 200 300
0
4
8
12
16
20
P
O2 
(mbar)
T
C
 (K
)
M
 (

B
/M
n
)
t
LMO
=10uc
10
-7
10
-6
10
-5
10
-4
10
-3
0.0
0.5
1.0
1.5
75
150
0 100 200 300
0
10
20
30
40
a
b
c
 20 uc
 15 uc
 10 uc
 7 uc
 6 uc
 5 uc
 3 uc
H=1000 Oe
5 10 15 20
0.0
0.4
0.8
1.2
1.6
0 100 200 300
0
10
20
30
40
-10 -5 0 5 10
-2
-1
0
1
2
LMO/LAO
LMO/LSAT

0
H (kOe)
M
 (

B
/M
n
)
LMO/STO
t
LMO
=20 uc
LMO/LSAT
LMO/LAO
LMO/STO
T=10K
M
(n
a
n
o
A
 m
2
)
T (K) t (uc)
M
s
(
B
/M
n
)
(b)
(c)
M
(n
a
n
o
A
 m
2
)
T (K)
M
(n
a
n
o
A
 m
2
)
T (K)
(a)
(d)
LMO/STO
LMO/STO
 
Figure 2. Emergent ferromagnetism in LMO-based heterostructures. (a) Temperature 
dependence of magnetic moments of LMO/STO heterostructure with the thickness ranging 
from 3 to 20 uc. The inset shows the magnetization measurement configuration. (b) 
Thickness-dependent saturation magnetic moment of LMO/STO heterostructure at 10 K. (c) 
Magnetic moment of 20-uc LMO films as a function of temperature grown on STO, LSAT 
and LAO substrates, respectively. The inset shows the M-H curves of LMO grown on these 
substrates. (d) Magnetic moment as a function of temperature of 10-uc LMO films grown 
under different PO2. The inset shows the Ms and TC as a function of the PO2. 
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Figure 3. Valence state variations of Mn ions at different PO2. (a) and (b) Cross-sectional 
STEM-HAADF image of 10 uc-LMO/STO grown at 1×10-3 mbar and 1×10-7 mbar, 
respectively. The scale bar is 1 nm. (c) The EELS profile comparison of O-K edge of 10-uc 
LMO grown at different oxygen pressure. (d) and (e) EELS mapping of Mn-L2,3 edge of each 
layer in the selected interfacial area indicated in (a) and (b). (f) Corresponding EELS profiles 
of Mn-L2,3 edge of (d). (g) Comparison of Mn-L2,3 edge EELS spectra between 10-uc LMO 
films grown at different oxygen pressure. 
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Figure 4. Mn and Ti XAS spectra of LMO/STO heterostructures. (a) The schematic diagram 
of the experimental configuration for the XAS/XMCD measurements. (b) Normalized 
isotropic XAS spectra at Mn-L2,3 edges of LMO/STO heterostructures at 10 K and 1T. The 
marked four dashed lines from left to right indicate the peak positions of Mn2+, Mn4+, Mn3+ 
and Mn4+, respectively. (c) Ti-L2,3 edge XAS spectra of 3-uc, 5-uc and 6-uc LMO on STO. 
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Figure 5. Magnetic contribution of Mn ions. (a) Typical XAS/XMCD and their integration 
spectra of 15 uc-LMO at Mn-L2,3 edges at 10 K. Sum rules were used to calculate the average 
moment of Mn. (b) Thickness-dependent XMCD-derived and SQUID-derived magnetic 
moment at 10 K. 
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Figure 6. Electronic reconstruction and dead-layer behavior in manganite films. (a) The 
schematic of the band diagram of electronic reconstruction at the interface of LMO/STO. (b) 
Sketch of the dead layer at the interface of LMO/STO. (c) The thickness-dependent saturated 
magnetizations for LMO (Ref. [18] and our data) and LSMO films (Ref. [52-54]). A critical 
thickness of ~ 2 nm (5 uc) for the suppression of magnetization in the vicinity of the interface 
is often observed. 
 
 
  
24 
 
Multivalence states of Mn ions-driven emergent magnetism was observed in LaMnO3 
epitaxial thin films. The ferromagnetism originates from the Mn3+-O-Mn4+ double exchange 
mechanism rather than an interface or strain effect. The observed thickness-dependent 
ferromagnetism is controlled by the magnetic dead-layer effect in manganites thin films, 
which is accompanied with the accumulation of Mn2+ induced by electronic reconstruction. 
 
Keyword: ferromagnetism, LaMnO3, multivalence state, electronic reconstruction, dead 
layer 
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Direct demonstration of the emergent magnetism resulting from the multivalence Mn in 
a LaMnO3 epitaxial thin film system 
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Figure S1. Bulk magnetic properties of the LMO films. M(H) hysteresis loops for 20-uc 
LMO grown on STO at 1×10-3 mbar oxygen pressure, at various temperature. 
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Figure S2. Intermixing in LMO/STO heterostructures. (a) Elemental profiles obtained from 
the EELS maps of the 10-uc LMO. (b) EELS elemental map with Mn in red, Ti in blue and La 
in yellow and the mixed image. 
At the interface, Mn/Ti signal can be found in a few atom layer STO/LMO layers, while 
La appear in deeper regions inside STO layer. The LMO layer is chemically wider in the La 
image than in the Mn and Ti maps. 
At the interface, an intermixing of Mn and Ti signal can be also found within a few 
atomic layers of STO/LMO, while as La appears in slightly deeper regions inside the STO 
layers. This asymmetry cation intermixing is widely observed at the interface regions between 
manganite and STO and may lead to the dead layer.[1-3] 
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Figure S3. EELS analysis of Mn valence states of the LMO sample grown at PO2=1×10
-3 
mbar. (a) HADDF image of the corresponding area indicated by the red box in Figure. 3(a). 
The green dashed line indicates the interface between LMO and STO. (b) EELS profile of Ti-
L2,3 edges of each layer from T1 to T8. (c) EELS profile of Mn-L2,3 edges of each layer in the 
selected interfacial area. (d) Different ratio of Mn2+, Mn3+/Mn4+ fitted from the EELS profile 
at each layer. 
To determine the Mn3+ and Mn4+ ionic content in each sample, we simultaneously and 
self-consistently fit our experimental data using spectra calculated for the respective Mn 
species via multiplet simulations. It shows that a significant fraction of Mn2+ dominates at the 
interface and then remains a constant ratio, otherwise, Mn3+/Mn4+ increases firstly then 
remains unchanged with increasing the thickness of LMO. 
All EELS curves of Ti-L2,3 edges show a similar sharp multiplet structure. Remarkably, 
there is no peak shift in the detection limit of EELS, suggesting there is no variation of Ti 
valence state. Instead of a previous analysis of Ti edge yields a change in the valence of Ti3+ 
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below the Ti4+ state,[4, 5] the valence state of each-uc Ti in LMO/STO keeps the nominal Ti4+ 
of the bulk STO, even in the intermixing region of LMO. The unchanged valence state of Ti4+ 
in our LMO/STO heterostructures is also consistent with the previous STEM-EELS 
measurements of La1-xSrxMnO3/STO (0 ≤ x ≤ 0.5) heterostructures.[3] 
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Figure S4. TEM characterization of 5-uc LMO/STO heterostructure. (a) Cross-sectional 
STEM-HADDF image of 5-uc LMO/STO. (b) Elemental profiles obtained from the EELS 
maps of the 5-uc LMO. At the interface, cations intermixing was also observed. (c) DF image 
of the corresponding area indicated by the red box in panel a, and EELS elemental map of Mn, 
Ti, La and the mixed image. 
 
  
31 
 
635 640 645 650 655 660
 3 uc
 5 uc
 6 uc
 7 uc
 8 uc
 15 uc
Energy (eV)
In
te
n
s
it
y
 (
a
.u
.)
 
Figure S5. Mn XMCD spectra of the LMO/STO heterostructures with the varying LMO 
overlayer thickness t. All LMO thin films were deposited at PO2= 1×10
-3 mbar and the spectra 
were obtained at T= 10K. 
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Figure S6. Transport properties of LMO/STO heterostructures. Sheet resistance of 3, 5, 10, 
20 and 100 uc LMO on STO as a function of temperature. All LMO films exhibit insulating 
behaviors and beyond the measurement limit as temperature decreases. We note that, contrary 
to the LAO/STO system, where the interface becomes metallic above the critical thickness, 
our film remain insulating. This is due to the difference in band gap between LAO and LMO. 
The large band gap of LAO leads to electron transfer to STO.[6] 
Transport properties were determined in a Van der Pauw four-probe configuration with a 
Quantum Design physical properties measurement system (PPMS) in the range 2-300K. 
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Sum-rules: 
The magnitude of magnetization for various-thickness LMO films were estimated 
quantitatively by XMCD spin sum-rule, which yields the average magnetization by using the 
following equations:[7] 
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where + and - are the absorption intensity with left and right circular polarized X-rays, 
nh is the number of holes in d shells, in this system nh is 6.
[5] <Tz> is the expected value of the 
magnetic dipole operator and 2<Sz> is the value of mspin in Hartree atomic units, which could 
be omit during the calculation.[8] 
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Dead-layer effect in manganites thin films: 
The dead-layer behavior is widely observed in other ferromagnetic manganite films, such 
as La0.7Sr0.3MnO3 (LSMO) and LMO.
[9-11] The mechanism underlying this dead-layer effect 
remains elusive but might be due to the accumulation of Mn2+ and/or intermixing of cations or 
the other external effects, which always shows a critical thickness (tc) of ~2 nm (i.e., tc ~5 uc) 
for STO as the substrate. 
Furthermore, LAO and LSAT are both polar oxides. Growing LMO on LAO and LSAT 
substrates still exhibits the clear ferromagnetism although there are no polar discontinuity. 
This is contradictory with the reported results[6]: 12-uc LMO grown LAO measured by 
scanning SQUID shows no ferromagnetism. One possible reason without ferromagnetism can 
be attributed to that 12 uc film is not thick enough beyond the dead-layer region of manganite 
grown on LAO and LSAT substrates. Notably, the dead-layer thickness is substrate-dependent. 
For example, the tc of the dead-layer behavior in LSMO films grown on STO, LAO and 
LSAT is ~8 uc, ~20 uc and ~17 uc, respectively[10, 11]. Besides, the oxygen ions in STO can 
diffuse over several micrometers at high temperatures during the growth[12]. This supplies 
more oxygen diffusing to the LMO layers, leading to the higher Ms and coercivity of 
LMO/STO heterostructures in comparison to the case of LMO grown on LAO and LSAT 
substrates. 
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